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ABSTRACT

Since the launch of the first civilian earth-observing satellite in 1972,

satellite remote sensing has provided increasingly sophisticated information

on the structure and function of forested ecosystems. Forest classification

and ],napping,common uses of satellite data, Ymve improv6_i over the _,ears as a

result of more discrimireting sensors, better classification algorithms, and

the use of geographic information systems to incorporate additional spatially

referenc__ data such as topography. Land-use c>_nnge, including conversion of

forests for ,urban or agricultural development, can now be detected and rates

of change calculated by superimposing satellite images taken at different

dates. !andscape ecological questlo_.s r_=_/ardinglandscape pattern and the

variables controlling observed patter_.s can be addressed using satellite

imagery as can forestry and ecological questions regarding spatial variations

in physiological characteristics, productivity, successional patterns, forest

structure, and forest decline.

Key Words

satellite, r_mote sensing, forest ecosystems, SIS, monitorim_
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_"n_ODUCrION

Since the launching of the first earth-observing civilian Landsat

satellite in 1972, satellite remote sensing has been used for gathering

synoptic information on forests. In the early years, satellite data were

used mostly by geographers to create maps of forest t%_pes. These early

efforts relied almost entirely on satellite-collected digital spectral data

with no integration of ground-based digital information such as topography.

More recently, ecologists have joined the geographers in utilizing satellite

technology for a variety of forest-related applications which will be

reviewed in this paper: detecting landscape change over time, relating

landscape patterns to biological or physical phenomena, evaluating

physiological processes of forest canopies, and quantifying forest cover,

bicmass, or productivity over varyi_ scales of spatial resolution.

sophistication of applications evident In recent years has been made

possible by 1) the use of more spectrally and/or spatially discriminating

sensors, 2) the improvement of hardwsre and software systems desisted to

process spatially-referenced digital data, and 3) the increased a_-ailability,

standardization, and compatibility of other spatially-referenced digital data

sets such as digital topographic variables generated from digital elevation

models. The most common sources of satellite data relevant to forests are the

U.S. Landsat Thematic M_pper (TM.),the U.S. Landsat Mult!spectral Scanner

(MSS), the U.S. Advanced '.te_fHigh Resolution Radlcmerer :At".._a),and the

French _'"'_ ...._,ser_t.cn ", ",_ :_O _' ._.:espectral.,=_eme _re_'_utoive," _' _ de l& .tr._ ,. ,,.

c.haracterisz_.c__-ndspatial resolution cf data fr_n these _eP2ors are

por_ra'_ed in Fig. ! and c-_n[_red to the electromagnet.it :_pect,_m t'A_ically

fo_Id ._ngreen veget._.i<_,n._4ore _letails on each _se_or'_ :[-_racteristics can

1989020461-003
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be found elsewhere (e.g., Billingsley 1984, Greegor 1986). Several other

sensors have been used in forest-related applications but much less

frequently; for example, the Scanning Multlchannel Microwave Radiometer

(SMMR) to monitor vegetation in semiarid regions (Choudhury and Tucker 1987)

or for assessing global primary productivi_f (Choudhury 1988) and radar data

for detecting forest change (Lee a_ Holler 1988, Stone and Woodwell 1988).

Several sophisticated airborne sensors are capable of detecting a great deal

of ecological information on forests, but are beyor_ the scope of this paper.

Sensors on the recently launched Japanese satellite and the Russian satellite

are also useful in forest applications although their full potential is

untested.

Current trends in ecological studies have dictated the integration of

remotely sensed digital _-'_e-ct:_-aldata into geographic information systems

(GIS). This merger moves satellite spectral data beyond standard image

processing and permits the use of remotely sensed spectral data in

conjunction with such other spatially referenced digital data as elevation,

slope aspect, vegetation t_l_e,_nd soils. In this way, information about a

landscape can be enriched beyond _hat is possible by the separate systems

(Logan and Bryant 1987). The integration of image processing systems and

multilayered spectral data (as provided by satellite sensors) with GIS and

digital geographic da_ahe_es a:_.c;_ for the development of more sophisticated

models of l_n¢_mcape-_cale ".'=.ri:_b:e_:_._uch_ regio;-_l forest cover (Iverson et

al. 19891.

The objective of tbls _aper i:_ to l'evi_ _r_ys in _.4'_ich,_a_ellite remote

serving can '_etuneful in delineating ._:t:_'.ctt_-ala,_ f_unct[or_l

characte['i:_:ics _f fore_zts _.-._."_r':e_';q.fgeegra_ical scales. We fo_/s on

.... 1989020461-004



#.

l,

5

the following uses cf satellite imagery: i) classification and mapping of

forest types, 2) detection of areal change in forestlar_i due to clearing or

reforestation, 3) determination of patch disappearance and compositional

change during succession, 4) assessment of forest structure (basal area,

bicnass, leaf area ir_dex, density/, crown closure), 5) determination of damage

or forest decline, 6) assessment of ph%_iological processes, and 7)

assessment of forest cover and productivity.

APPLICATIONS CE_R_DTELY-SENS_D DATA TO FOP.ESTS

Mapping of forest types

Using satellite data to classify and map various forest and�or land-use

types has historically been, and still is, the most frequent use of

satellite data. Pixels are classified according to their ground reflectance

values as measured by the satellites. The desired map is created by

displaying the classified pixels in their appropriate geographic context. T_o

types of classification procedures may be followed to create a forest type

map from a satellite image (CoI%_Ii 1983, Lillesand _nd Kiefer 1987). In

unsuDervlsed classification, computer algorithms are used to examine the

spectral data of the entire scene and to clump pixe!s with like spectral

properties into common classes according to the speclf._c chlstering algorithm

used. The classes are independent cf ;.nyf_priori =-_s_n_i_,r,_as to what

ground cover tlwy act_._q!!yrepresenz, /f_,er the .:la__iesare _enerated, the

operator e_sigr_ :.'ee_.!ngt:_ the clas_-'es(1.:,.,";r.vr,r-..,"::9_']9_ses to

15ndcover t'_:_) or _he '_%sis of _jround-based (i%ta a.i,5the ,.spectral

properties of the cl,;_ms(e.g., water l%_s uniqze refl,._cta:%-ec,_racteristJcs

_o it ,;_-_n:_ftenbe discerned] ,llr,__ctly+r_m :.t_:q_ec"ral ciCp_-at_re). Ill

198902046q-005
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supervised classification, the operator assigns specific pixels (training

sites) to particular iandcover classes on the basis of ground-based data.

Computer algorithms are used to analyze the spectral properties of those sets

of pixels and to assign the remaining pixels to l_ndcover classes on the

basis of the statistical similarity of their spectral properties.

Satellite data of all resolutions have been 1_ed to generate forest t_fpe

maps, from high resolution SPOT ar_ TM lap_-use maps (e.g., Hopkins et al.

1988, Buchheim et al. 1985, Nelson et al. 1984) to mid resolution MSS maps

(e.g., Beaubien 1979, Dodge and Bryant 1976) to coarse resolution AVHRR maps

(e.g., Tucker et al. 1985, Norwine and Greegor 1983, Towr_hend et al. 1987).

Cc_parlsons of the various sensors for classification and mapping accuracy

have shown the superiority of the finer resolution TM data over the MSS data

(DeGloria 1984, Williams et al. 1984, Malila 1985, Toll 1985, Hopkins et al.

1988). Toll (1985) found that the improvement in classification of a scene

of rapidly urbanizing Washington, D.C. was due primarily to the better

spectral discrimination of TM data (especially TM bands I, 5, and 7; Fig. I)

and to a lesser degree to the increase in qu_ntization of the spectral data

within a band (a raw [,_S band value can range from 1-128; a TM band value car_

range from 1-256). Interest_r_ly, Toll fom%d tl_t the increased spatial

resolution of TM reduced his ability to differentiate land-use classes of the

first order such as urban, forest, ._.gric_l!t_re,.%nd_ater. This reduction

occurred because the finer :-esolution [.."M(lata increased upectral variability

within the pi;:els of first-order _'le.s_e:_h_.t ,_he-_':atialco_Itext of r_',e2i:<el

was not incorporated into the cla-s_ifica_ion aigcritD,ms (e.g., forested urban

,_reas such as yards Ì�„?arl:s _x'e c!assifi_[ .%s forest rather ,_b_n

_rban). However, ::cpkins et _',I.[[988), .:::;_mil_ingforested _,reas of

 1989020461-006
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Wisconsin, USA, found the spatial detail of TM to be advantageous in

classifying second- and third-order forest land-use t_/pes such as upland

coniferous forests and central hardwoods. The difference in classification

accuracy lies in the nature of the landcover classes desired: for

classification of a finer, higher order, the higher spatial resolution of IT4

is beneficial (Williams end Nelson 1986); for classsification of a coarser,

lower order, TM is disadvantageous unless the spatial context of a pixel is

incorporated into the classification procedure.

The usefulness of SPOT data in classifying forest types has received mixed

reviews. In an urban study in Athens, Georgia, SPOT data were found to

increase the accuracy of all second- and third-order classifications by about

15 to 2096over that of TT4 (Welch 1985); further, these data were suitable for

cartographic mapping at a scale of 1:24,000. SPOT data may be less helpful

for mapping forest types (a_y frcm urban regions) because its reduced

spectral resolution (fewer bands) relative to TM may obscure vegetation

differences.

A_I_R classifications are _meful for maps of large areas and can be

verified with higher resolution images or map data (Schneider 1984). For

example, multltemporal AV]_R data were used to develop a vegetation map of

South America in which 16 vegetation classes were differentiated, several

with accuracy greater t.han90._ (Townshend et al. !987).

_.tch research _%s been conducted in an effcrt to er_.ance c/ossification

results. Raw :r_ectral _eta _y _ pre-prcceusc_/ pr_<_.:__ classification.

Varic_.usmean or median filters, in which ?ixe:_; are "eass_gned the mean or

medi_.n £pectral ',,_iueof their surroundlnq pi::e!s, _n_y h_ applied to reduce

intra-class v_riance while retaining the bounda_/ detail of classified areas

....... 1989020461-007
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(Atkinson et al. 1985, c'ashnie and Atkinson 1985). Raw spectral values are

also scmetimes converted to their principal component values via principal

components analysis of the entire scene. More sophisticated techniques for

classification include stepwise discrimip,ant analysis (Nelson et al. 1984)

=_ndper-field algorit.h_ (Dean and Hoffer !982) in which the classification

of a pixel depends not only on its cwn spectral characteristics but also on

those of adjacent pixels.

Recently, classification accuracies l_ave been improved _] ,_sing a GIS to

integrate digital biogeographical data with satellite sensor data (e.g.,

CERMA, 1985). For _x_m_le, topographic variables _re integrated with TM data

to increase the accuracy of classifications of vegetation c_mm/nities in

Rocky Mountain terrain (Frank 1988). By incorporating topographic variables,

the shadc_4ing effects created by the angle of the sun can be accounted for.

Topo-climatic variables can also provide indirect info_-_nationabout

vegetatlon cover which can be incorporated directly into classification

algorithms. Other biogeograph_cal variables--soil types, landforms, geology,

or vegetation maps--c_ also be helpf%tl in classifying !_f providi_ strata

(e.g,, forest-nonforest, cultural-noncultural, or wetland-non_tland masks)

that allow image classification to be focused on a particular area or

resource of interest.

Using satellite imagery to classify forest t'_es is still ;_subjective

Frocedure and as n_.tch:_ -rt ,_s a science. :'c:',_theless,the tecb_n_que has

prcve._ ve_ I ............ _,.......... rc.:.r_ :_ ::,.Iso_ agencies that m._,age

land resources. ,...._-,s_._,_t_u_=_, ":eP.d,'c:e _:.o:-,_:.ccurate in flatter terrain

end when the vegetatlc;n _es are _harvl_" ,-_ _-. "_-,_n .... st_..g, for e:';2np',e

.. . = v,_ _ " Ofconiferous verse,s hardwood or forested _,_rs_,s_,g_,c,_It,_ze.The t_se

1989020461-008
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_41£itemporal scenes to capture phenological differences in vegetation often

i,_Iorovesaccuracy, In inaccessible parts of the world such as the tropical

and boreal ,-egions, satell_te imagery is invaluable in :_apping forest/and

because often no other current data are available.

Detection of forest c.hanc.e

Changes in ferest cover over time are important beca%_se of the role

forests play in the global carbon cycle, in global climatic trends, and in

providing species habitat (Woodwell et al. 1984). Although understanding

forest cb_nge is important worldwide, it is especially Jmportant in the

tropics, where land-use transformation is occurring very rapidly and where

timely ground data are scarce.

The basic methodology for detecting change is ._traigh_f_._ard: two or more

satellite images of the same area, preferably taken at the same phenologlcal

period but in different years, are overlaid to show geographically specific

cha_es in landcover. In same cases, raw satellite spectral data can be taken

from the two scenes and merged to make a ll_itiple band ccmbi_etion data set,

which is then classified. Usually, hcwever, the tw:_ [:,:.--..qes?.reclassified

separately prior to co:,%biningthe data; this techJ_iq_e [_rmits the use of

v-_ing data types such as MSS and T_.!or even '..istoricCrcund-based maps.

By canpar_ng digiti-ed [Wound-b_._ed inapt:,_f,:::;_ Ric_: "."erestL--.ndfrom

1940, 1950, e2A :.0_I;,_ndM_S-der!ved ._re.=_tccv,-._uma_s cf :977 _md 1982,

Cadet ,:ncl.Ioyc,_'1"_88) ."cutxlthat .','_c_[....)re:" :._i.cl_...i frcm 67 to 17%

'._e%_en 1940 and :gSS with the most rapid .'at, '.)i-:!earingbetween 1977 .;/Id

198,3. .._u:th,_._more,four :_f _!:eel_,,en Ccsta [,'i_:nilfe ::¢,nesJ_d _isappeared

¢cmplet_l_':-.h_.(_.I"V _"_-_c-I '_",:,II:,_i;_ "_-_,'c....._ ..e ,.,ol_t l,L_%_rncnt-_.e,

..... 1989020461-009
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and the wet montane. They also demonstrat_ the close relatioPmhip bet_4een

read building and deforestation by overlaying transportation network maps

with forest cover maps.

Deforestation in the _nazon basin of Brazil has been _'=_antifiedby using

AV_E_R band 3 thermal data which, cnlike the visible bands, ,canpenetrate the

ubiquitous cloudcover of the region (Tucker et al. 1984, Malingreau and

Tucker 1987). Estimates of deforestation were obtained by using "rand 3 to

detect both the fires associated with lines of active deforestation and the

devegetated areas, which are warmer. The studies cf Rondonia, Brazil,

indicate that the deforested area increased from 4200 kTnZ in 1978 to I0,000

k_n2 in 1982 to 27,000 _-n2 in 1985 to over 35,000 kTn2 in 1987 (Malingreau and

Tucker 1987, Malingreau and Tucker 1988, Tucker, personal co.T_n.1989).

Deforestation rates in Rondonia, Brazil, _ve also been evaluated using

AVHRR data in combination with selected cloudfree 1976, 1978, and 1981 MSS

scenes of much smaller portions of the region (Nelson and Holben 1986, Nelson

et al. 1987, Woodwell et al. 1987). The spatially precise MSS data revealed

a doubling of deforestation rates between the 1976-1978 and !978-1981

intex_-als (Woodwell et al. 1987). _e MSS data _re also used to check the

accuracy of AVHRR band 3 estimates of cleared areas for the entire state of

R_onia. The est._mates appeared reasonably accurate given the constraints on

the satellite data ,_nd the lack of _,imely ground _L-'.ta.._--dard_ta also holds

good potential for _-s:sessingdeforestation in the tz-opics _ince radar data

._renot co._._tai,_.ediL, cle,:d cover. For example, Stone and Wood_ll (1988)

found Shutt!_ Z,i'_gJ;-zjFadar-A [SI_.-A)<_at:a':o[.:ve the I_':ightestretLlrns (the

highest si_l retur:_ _o za,.9.r_ersor r,_sL'_it_:'cmsmout.h, deforested areas)

on 1-ecently Jeforested L-:gi:n_ "n ,'_zcnic.

1989020461-010
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Although most forest change studies using satellite data have focused on

deforestation in the trepics, temperate forest changes have also been studied

because of their importance with regard to soil protection, water retention

during flooding, wildlife habitat, timber resources, and recreation sites.

For e:-mmple,loss of bottomiand forest coincident with upland forest

regeneration has been documented in southern Illinois, USA, using classified

1978 M_S and 1984 TM scenes (Iverson and Risser 1987}, as has forest

degeneration in the hlgh-elevatlon forests in the Gree_ Mountains of Vermont

(Vogeimann 1988).

The accuracy of satelllte-based studies of forest change in the troplc,s

are dlffic_11tto determine, given the lack of ground-based data for

verification. Nonetheless, the results are valuable because they are oftm_

the only source of timely, regionally consistent information on

deforestation. In temperate regions where ground-based data are often

available (e.g., national forest inventories), satellite studies are

neverless valuable because they can show the spatial pattern of change, wh/ch

most inventories cannot, because they can look at shorter time intervals (2

to 3 years versus 10 or more years for most ground-based survey), and

because the methodologies developed to assess forest cover (or change) over

i._ regions can be validated with the independent inventory data sets (as

in !verson et al. 1989).

Forest succession

The :spatialand t_mpora- i_.tterr_of forest _ucces_ion can be stud_ed

_ming s_t_ally referenced vegetation Jat_ fr_.-n_;o or more dates. Transition

_rohabilltles of fores[''=_3ccesslonparh_,/.,_in northern Minnesota° USA, were

........ 1989020461-011
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calculated "using classified MSS scenes frcm 1973 and 1983 (I_ll et al. 1987).

Transition probabilities of the managed areas differed from those of the

wilderness areas primarily because of the influence of logging, which altered

not only the rates of transition but also the possible types of transition.

In a second study, Walker et al. (1986) successfully used Landsat MSS data in

Austrailian semi-arid eucalypt woodlam_Is to detect stage of seccession based

on structural differences in 0 to 50 year old clearings.

In another forest succession study, which utilized both in_ge processing

and GIS technology, the stability and fate of abandoned pasture patches in a

mosaic of mountainous forest _re found to be negatively related to original

patch size and elevation (Graham et al. 1987). This study used 1934

vegetation maps depicting the abandoned pastures and 1984 TM image_. The

fate of the pastl/res patches was determined by ccmparing the 1984 spectral

signature of pixels within the historic boundaries of the abandoned patches

with the spectral signature of pixels just outside the patch boundaries.

Satellite imagery holds considerable promise for determining the rate and

spatial context of succession; however, this use is still experimental and

not without problems. The accuracy of transition probabilities will depend in

large part on the accuracy of the original classifications. Furthermore,

there are theoretical problems in calculating transition probabilities with

data t,hat have a time inter-Jal ec_oal to or greater tb--_ntb_t of the c_mnge

_Dhenomena.

Assessment of st_,_ st_!ct_re
4",

Satellite da_a hav_ b_en L_:_ _,ith var'f_ng :lecrees of _uccess to qv-_ntlfy

spa_ia!l'l .._v.chforest _t_:cTure C.:-_r_c'teri_ticsa._;cro_.a_cover, t'_eedensity,

1989020461-012
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tree diameter, basal area, tree height, tree age, biomass, and leaf area

index. In general, the technique is to collect spatially-referenced ground

data on the forest structure _._riable of interest -_n%dthen to determine the

statistical relat.ionship between the ground-obtained data and the spectral

data for the sane location. Thus far, most studies b_ve used spectral data

generated from airborne _ensors such as the thematic mapper simulator (TMS),

Wnich has bands identical to !_4, rather than satellite-borne sensors. The

resolution of airborne spectral data is often finer than that of satellite

data. Virtually all studies have focused on coniferous forests, which tend to

be more uniform and more distinguishable from other vegetation types than are

deciduous forests. Whether the techniques used to relate satellite data to

forest structure in coniferous forests will also be appropriate for

nonconiferous forests is yet to be determined.

Canopy closure in montane, coniferous forests of California, USA,

correlated well with the spectral intensity of several TMS bands (r=O.62 to

0.69, n=103) irrespective of forest type (Peterson et al. 1986). Total stand

basal area, however, was poorly related to the spectral data (r < 0.33).

Stratification by forest type improved the spectral relatiorship with basal

area. The data suggested t_hat the relationship between total basal area and

spectral signature will be strongest in young, low density, even-age stands.

In another st-ady of Californi__n conifero1%s forests, _._ bands I, 2, and 3

(analogous to TM bands I, 2, and 3) t._re most strongly l-elated _o stand basal

area and leaf hiomass (Franklin 1986).

A relatively h_igh celatio_h_[, [_t-_Jeen_.S spectral b._nd !ntens.ity and

cenovl closure (r=O.SO, n=32 for band 5) "_s [o_nd for the [dne-asp_n forest

of Colorado, USA (Bute__-a19_5). F._ appl'llng a regression model of this

1989020461-013
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relationsttip to the raw band 5 value of every pixel in the mountainous scene,

Butera generated a map of forest canopy closure. The accuracy of the map was

71%, 74%, and 54% for canopy closures of 0-25%, 25-75%, and 75-100%

respectively.

Sparuner et al. (1984) ",_ed a classification approach to study the ability

of TMS imagery to differentiate crown clcsure _und tree size classes in a fir-

dominated forest in Idaho, USA. They fo[,Jud"60% accuracy in classifying crown

closure classes of >70%, 40-69?6, 6nd lO-3g?{, with less accura_f on sites of

very low (<I0_) crown closure. Sawtimber and pole size classes _,_re also

classified with 72-87% aco_racy.._.e optimal bands in these _%alyses were, in

oz_der, 4, 7, 5, and 3.

Again using TMS imagery, researchers have related leaf area index (LAI) of

coniferous forests to spectral bar_ intensity (Running et _,i. 1988, Peterson

et al. 1987). In these studies, .LAIof coniferous forest stands along a

transect across the mountains of Oregon, USA, was strongly related to the

ratio of band 4 to band 3 (r2=.82, n=lS), r_AI of these stands ranged from <l

to > 16.

Danson (1987) correlated SPOT data with structural characteristics of pine

forests in England and fouz_lhi_hiy ' "=" - _ _ _ - " _slgn1,1c_n,. _r. _ic.t:o....of SPOT band 3

(near infrared) to tree density, diameter at breast height, end tree age but

not ts ce.nopy cover. Wu _:d $..=.der(1987) _h_,;ed t._t airborne

/¢11tipolariza_'icn =,._:l..eti:":pertute R-_dar (eAR) also m_y '_e"__d with _:cme

success '-o.._::-.-"mete';-u.'..5tea, _'-_r_ heJg',"" uzd t_tal t _= bJomass

._/tair\_.r:u:,iTuh;e_-Il,=zer_:']e;te'm,:_l.l',._!the Light Detection ar,d Pangin9

(LIDAR) syst,,m _ras .-=1'," _'._3 re,prc_ict _otn] t_',:e,,o.l_'_e_'md :jreen _aight

_,icma__s of ,_:n_ ?l_._;t:.,* 4a,'2..... '.n S.-,o_':jia ("'_,_',n ._t.. ,-'.:- :988). _'ey were able

' 1989020461-014
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to predict overall tree_volume to within 2.6% and mean biomass to within

2.0%, but were not successful at predicting volume or bicmass on a site by

site basis.

._esuits from these studies are encouraging in that statistically

significant relationships between spectral data and forest structttre data

generally do exist. The results are also frustrating, however, '_cause the

relationships are not consistent across studies and are generally too weak to

offer predictive accuracy at a per pixel scale. As a consequence of the

latter weakness, the relationships cannot be used to examine the spatial

patterns of structural attributes. Nonetheless, in some cases the

relationships can be used to accurately determine the mean value of a

structural attribute over a landscape (Iverson et al. 1989). New approaches

such as the incorporation of biog_x/ra_ical data, along with additional

research and probable technology development will be necessary before

satell_te imagery - forest structure relationships are sufficiently accurate

_nd robust to be truly useful in large scale inventories or to detect spatial

changes in stand structure.

Assessment of forest damage

The assessment of forest damage is an important '.useof remote sensing

data. _&._nV of the c[_nges in tree or foliage ,_,_:.-gho]_"resulting from stress

c_m be detected with remote, sensors (Jac._on 1(_86). _trthe_.nore, the spectral

signature of stressed trees may indicate r.ot only the degree of stress but

also the _,:_e.of stress. For _-mpie, l:¢q imrgery of d%_aqe._,red spm_ce

(Picea -_.',_m.s) _r;nds in V_t_ont shows a lar_je r_Auction in the near and

1989020461-015
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shortwave-infrared reflectance (bands 4 and 5 respectively) (Rock et al.

1986). The location of highly damaged stands was readily apparent in the

scene if the ratio of these _ands was displayed. Field verification of the

image revealed that the folia:ge of the highly damaged spruce stands was drier

ar_ less dense than that of _&ndeznagedster_is (Rock et -'_c._. !986, Vogelmann and

Rock 1986). These authors have continued their work with the TM sensor and

have been successful in assessing forest damage in Vermont and New Hampshire

(Vogelmann and Rock 1988).

Damage produced by insect defoliation has also been successfully assessed

from remotely sensed imagery. This type of damage is easily perceived by

examining scenes of an area before and after defoliation. For example, areas

of heavy gypsy moth defoliation in Pennsylvania, USA, were quite evident in a

fol_age difference map created from June 1976 and July 1977 MSS data

(Williams and Stauffer 1979). The key to successful defoliation assessment is

to use scenes that capture the period of heaviest defoliation (Dottavio and

Williams 1983).

Spectral imagez,] is used routinely by forest managers to detect and

measure insect defoliation, although the data often c_ne from airborne rather

than _atellite _e._sors. _tress detectic:n _._'[forests i_ t_till in the research

stage, but results thus far are promising.

Assessment of [hysiol_jical ?_r.=cneter__

evapotrei_-:pil-ation,pl&nt m:d.:t_:-1:ce re_3Diratlon, tltrnover of .-.,rg_nic

carbon, end moi_tt_e :',._tenti_,n--.:.r_ .r_.Q;d_:_.l _.,._ :1 ,_, ;n_eractlon of solar

radiation and veget-ti.nn _:_%[,Ii._g 1970). %_:__u:_h, ::_te_'1ite uensors, which
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measure the light reflectance of the earth's surface, should potentially be

able to indirectly measure changes in these radiation-mediated physiological

processes. ?,eflectance measurements should be [tseful in inferring spatial

and/or temporal variations in photosynthesis and evapotranspiration rates

because the st__n_cruraland f1_nctional properties of leaves detez_ne the

radiation/interception characteristics of tree canopies (Sellers 1985, Tucker

and Sellers 1986). Spectral data can provide information on the amount of

chlorophyll pigment (visible wavelengths), the projected green leaf density

(near infrared), and the leaf _ter content of the canopy (shorTwave

infrared). _e first _ can be used to infer potential photosynthesis

although actual photosyntk_sis will be determined by solar flt_x,moisture

availability, and other environmental factors operating on the system at the

time (Tucker and Sellers 1986).

Spectral reflectance data should also be useful in identifying many

important biochemical features of forest canopies because many biochem/cal

cumpounds possess unique spectral absorption properties (Waring et al. 1986}.

Determination of leaf starch, nitr_jen, protein, and llgnin content should be

feasible from spectral data, although probably not with current satellite

technology (Waring et al. 1986). For ey_mple, Spanner et al. (1985) were able

to relate canopy nitrogen content to spectral data te/<enwith the Airborne

imagi_ Spectrophotcmeter (AIS). Peterson eta!. (1988) have extended this

work over several sites to find relationships between nitrcgen, !ignin, and

total water ,:_ntent '_ith the AIS _e,-tr_=.l:3ignatures. ._.e infrared re_on of

the ele_zcm_gneric s_._ctnun i_,s l_een :=hown to be ecpecially rich in

information abo_,'zcanopy biochenical c!.aracteristic_.

leaf water ,t'ontent_._d<c:_;_9_ently fore._t _r_:d "_;ate:_e!ati_ns _;houid
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also be able to be inferred from ce-novl spectral reflectance 2rcperties in

the shortwave infrared bands (e.g., TM bands 5 and 7) (Tucker 1980). In the

field, the higher values of the ratio of _he l-_rcent reflectance at i.65 um

to the reflectance at 1.26 urn corresponded to highly "_ter-_tressed

vegetation (Reck et al. 1986). Hmud-held spectra1 se__--or._l'_avebeen used to

detect _ter stress in )r4ffelgrass in Teyms, USA (Ric,hardxon and Everitt

1987). To our kuuowledge, current satellite data i_ve not yet been used to

satisfactorily evaluate moisture availability of forested canopies.

M_ting evidence suggests tb_t remotely sensed spectral data may become

as successful, if not '_noresuccessful, at esrilratir_jforest f'_nction (e.g.,

photosynthesis or evapotranspiration) than forest st._u/cture(e.g., biomass or

leaf area) because of the dynamic nature of the reflectance-physiological

interface (Tucker and Sellers 1986, Kimes et al. 1987). in the future, remote

sensing may be able to detect portending ecosystem shifts by detecting

changes in rates of key physiological processes that reflect basic ecosystem

parameters (e.g., photosynthesis and productivity) (Waring et al. 1986).

Evidence also suggests that some of these physiological parameters such as

photosynthesis can be estimated without knnowledge of species (Abet and Fownes

1985). Detection of ecosystem parameters without identification of species is

necessary to integrate data across landscapes and eventually the globe.

However, e:,_nples of satellite detection (;f_}hysJol¢gical processes of

forested ecosystems are relatively scarce at the present "line. R,unnJng and

NemanJ (1988) found a _-igh relationship between photosynthesis:,

trar,_pi_'ation,..--J;_A}_,Dv<<5_-:9_d2rin_ry .,rcx"._ctivityas a._,cert:l:,1;edby :n

ecosystem simulation model and the anntlal integrated norm,alizc_% difference

v,._deration index [;,._.VI,(,:ear [:.frar_!- ._',.-,i;[::eari::frarr._i- .,_.I)f:om the
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AVHRR sensor, Fig I] over seven sites in the U.S. They fotu_d the

relationship to be especially rigorous on sites located at high latitudes

with little seasonal _ter stress. Serafini (1987) used diurnal and seasonal

variations in the difference bet-_L=ensatellite-derived earth surface

temperature (based on AV_3_R data) and air ten_erature near the surface (as

measured by ground-based, shelter-height sensors). Spatial variation of

evapotranspiration could account for the variation in the derived

differences. Tucker et al. (1986) and FLing et al. (1987) found a high

correlation over a 3 !/2 year period h_tween globally averaged NDVI and

globally-averaged monthly atmospheric CO2 concentrations. _%is relationship

suggests that satellite data can be used to estimate terrestrial

_hotosynthesis and productivity, since atmospheric CO2 varies seasonally

accordi,_j to the amount of drawdown occurring via photosynthesis. The

intensive studies of the First ISLSC? Field Experiment (FIFE), undez_ay

during 1987 and 1988 on the Konza Prairie, Kansas, are using a large number

of ground, airborne, and satellite sensors to assess the potential to

understand the physiological characteristics of vegetation (especially with

regard to the effect on climate) via remote sensing (Sellers et al. 1988).

Most research, however, that relates spectral data to forest physiological

features has been done using various airborne sensors (Sader 1987) or

portable "._ensorsmounted on platfcnt_s or low flying helicopters. Furthermore,

often the sensors ,have been quite different from the sensors currently

employed on satellites. Yore refined satellite sensors and much research will

be needed before sal;ei:i:::spectral data will truly promote a better

%,nzantitativeunderstand_g of _he _emporal and spatial l:attern of

_;hysiological :_roL_er_ie._" ._ -he e-.rZh'.'_veget_,tlor_.
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Assessment of forest productivity

If satellite sensors could accurately detect forest productivity, they

would provide obvious cost e_%deffor_ advantages over traditional field

survey methods. Productivity estimates based on satellite data have been

produced with some success for agronomic ecosystems (Olang 1983), wetlands

(Butera et al. 1984, Hardisk-f eta]. 1984), and shrublands (Strong et al.

1985). Productivity assessments of forests %using satellite data are rare.

Forest productivity classes in northwestern California, USA, were predicted

with moderate success using a GIS with classified MSS data, topographic data,

and ecological zone data (Fox et al. 1985).

In another study, predictive models of wood mean annual increment of

volume in three regions of the United States (southern Illinois, eastern

Tennessee, and northeast New York) were developed using GIS, TM data, and

digital blogeographical data on forest productivity and soils, slope, solar

radiation, and/or vegetation type (Cook et al. 1987, Cook et al. 1989). In

general, forest productivity was more accurately predicted with a combination

of TM and biogeographical variables than with eitl_er data _ype alone. The

best regression models in each of the three study regions were highly

significant (P < 0.002) but left a considerable amount of the s_patial

variance in forest productivity ',2_explained._eca_e of the extreme

heterogeneity of forests ste_ds at the 20-m-_51are ze_;oltltionof TM and

because of the many abiotic and biotic v?.riables [r,volved, ir :ay not be

reasoP_hle _o expect a high dc_jree ,,_fp_"e_lict._.bility_.'1%',',_ll,_:_ite-speciflc

areas (Fr,=/ukl.h,1986, Peterson et ,-_I.19£6). Fredictabil_ty may h_ improved

h7 c_nging the scal_, of :e[_:._'_r::-eto co'J_r .[:.rgera_'Fas _u" hy ,._oli_ and/or
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stratifying data (Cook et al. 1989, Franklin 1986).

As a means to scale up to regional levels, Iverson et al. (1988) used the

TM-derived m_xiels mentioned previously for the Illinois and Tennessee sites

in combination with TM and AV}LRR scenes of the ._me areas to develop

predictive reiatioi_hips between the much coarser but ;note extensive AVIa/RR

i data and forest productivity. Multiple regression _ used to develop the
L

models relating AVHPR spectral data to TM-derived estimates of forest

productivity. The resulting models were then applied to each AVHRR pixel in

the region to develop regional maps of forest productivity. The %_lidity of

these maps w_s tested by agcjregating the AV}nRR pixel productivity into

county-level productivity estimates and then comparing these county-level

estimates with independently derived county-level forest productivity

estimates frcln the U.S. Forest Service.

For the 428 counties centered on the southern Illinois region, the

correlation coefficient of the two procklctivity estimates: _ 0.72 (P <

0.0001). For the 168 counties centered on the eastern Tennessee region, the

coeff_clent w_s 0.52 (P < 0.0001). Tb,e lower success in the eastez-n Tennessee

region _s attributed to the more variable lemdscapes of counties > I00 km

from the original TM-AVl_P/_-fore_t productivity calibration center. Closer to

the calibration center (within I00 k_n), the ,:orrelation coefficient was 0.86.

To extend th_s n-_th_ology of "truingneste:d _! _,2_dA%_._R _=:cenesto scale up

relationships :a._.,_eenspectral values and [:'."uductivityto continental or

global ._cale_-will _robably l'_Stire _rr,:,t','ic:_r/onof the initial cnli_rat_on

_ites h,l._.colcgicalregions such as l[uchl.:£'.;(1964) ,,_o_entialvegetation

"_7,e cr [_iley'_ {19SC) ,,_r_regioI_:_(.'*,_.;g.--_I'.,GS).

._%e _Dove _nevhc_olc%¥ "_'or_]evei<_:,ing:_ici::.l ,,,st!mav_=_ ,_ .'2_:duct_vity
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differs from most regional-scale remote sensing studies of productivity which

generally rely solely on AVHRR data. A more common approach is to use

multiple scenes of AVHRR data to capture the cl_3nge in a spectral greenness

index over the grc_ing season (Goward et al. i985, 1987, T_Icker et al. 1985,

Shimoda et al. 1986, Townshend and Justice 19_6). _e most successful index

has been the normalized difference vegetation inde_x (NDVI). For example,

Goward et al. (1987) found a high correlation between seasonal changes in

NDVl values and literature estimates of biome productivit 7 across 24 North

and South American bicmes. C_oudhury (1988) also folLnd N.imbus-7 37 G_z SMMR

data highly correlated with estimates of global net prJ_ar_/ productivity.

Generally, thov_h, valid satellite-based estimates of productivity or other

ecological parameters across a large area are difficult to obtain because of

the problems with securing ground observations over such large regions

(Curran and Williamson 1986).

_i0ms

The tLse of satellite data -,se/% aid in understanding the ecological nature

of forests is an extremely recent _]d rapidly evolving phencmenon. Although

most forest applications are still in the experimental stage, research

suggests tP_t satellite data will prove extremely _eful in extracting

spatial info,,_latiencn forest ecosystem ,._ttributes.Eeca%_e _ate!ilte sensor

data integrate optically over the pixels, they are not as _sef1_.las f_ner

resol,_tion [ata if inf_r;'ati.-_ncn ,_;itespecific ecological _ar,_neter_- _s

d.esired. ".-'c_ever,_._telllte:_ensors are Jnd_spe,_ib]e if one wishes to

evaluate or monitor large are._s. The synoptic q_ality :_f ,;'_r,,ililedata is

_,_s_ begJD/:ing t:oh,._.e:-._loi_; ,_est research I_,$__t,_,ez'sta;,_&%bl7foc,Yzed on
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parameter identification rather than on spatial relations of ecological

parameters. Satellite data provide two main applicatlons to forest ecology:

I) the ability to monitor ecological attributes in inaccessible regions

and/or spatially extensive regions, and 2) the capacity/ to detect the spatial

ecosystem _atterns and processes of forests. [._.ch_rog,_e_:shas been made

tcw-ard the fiz-st application although much is left to be done. The second

application ]'z_sjust begun to be explored.

Forests are fundamental to the healthy functioning of the biosphere. With

the current global climate warming, loss of biodlversity, environmental

degredation, and increased need for forest products (all problems that rely

on forests as a key in the process or mitigation of the prccess), it is

imperative that we monitor and _derstand the forests of this globe.

Synoptic, timely infoz-matlon, which can be provided only with satellite data,

is needed to support local, national, and global declslon-makers in the

crucial planning efforts deslgned to preserve the habltabil_ty of thls planet

for generations to come.

_1_e authors are grateful to Tom Frank, Paul Risser, Jerry O/son, and

Ying Ke for assistance in our work report_ here, and to ;,ii ".hcse,"4_ether

mentioned in this _.per or _.ot, who _.v,_.' ,:.:_..._earch in _,he field cf remote

sexming of forests. _'k/ndlp_by NASA Contract NAS5-28781 is zratefully

,_cl_nowledg__.l._"1_n/cstc Y.onlca Turner, 2-,:::'._e.!,;,:-ndAudrey Hodgi:,_ fcr

helpful reviews. ?ubil=at!oa :mmber ._299 <_f the Fnv_ronment_l Sc_.ences

Divisio_ uf [l,eOak RidGe National Labor,tot-/.
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